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ABSTRACT 
The dev ice  t h a t  swi tches  power f o r  redundant u n i t s  of a spaceborn 
computer must  be extremely r e l i a b l e ,  
power swi tch  having t h e  f a i l - s a f e  c h a r a c t e r i s t i c s  t h a t  a l low power 
t o  be  disconnected from f a u l t y  u n i t s  when f a i l u r e  occurs i n  t h e  computer 
u n i t  or i n  t h e  power s w i t c h  i t s e l f .  
This  r e p o r t  desc r ibes  a magnetic 
F a b r i c a t i o n  of a breadboard model of t h e  swi tch  is described, a s  
is t h e  experimental  v e r i f i c a t i o n  of its f a i l - s a f e  c h a r a c t e r i s t i c s .  
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v) 
I INTRODUCI'ION 
T h i s  r e p o r t  desc r ibes  a magnetic power switch,  designed t o  switch 
power t o  redundant u n i t s  of a space-vehicle  computer i n  t h e  event  of 
f a i l u r e  of i n d i v i d u a l  u n i t s .  Three breadboard swi tches  and one f a i l u r e -  
mode demonstrat ion u n i t  w e r e  f a b r i c a t e d .  The demonstrat ion u n i t  has  
f a c i l i t y  f o r  showing t h e  r e a c t i o n  of t h e  switch t o  va r ious  types  of 
s imula ted  equipment f a i l u r e s  . 
A t h e o r e t i c a l  s tudy  has  been made of t h e  f e a s i b i l i t y  of a c i r c u i t  
designed t o  swi tch  s i g n a l s  r a t h e r  than  power t o  t h e  redundant u n i t s . l  
The swi tches  were developed f o r  u s e  on t h e  S t a r  Computer, which is 
being developed a t  Jet Propuls ion  Labora to r i e s  i n  Pasadena.2 
1 
E. K. Van D e  R i e t ,  D. R. Bennion, and J. M. Yarborough, " F e a s i b i l i t y  
Study for  R e l i a b l e  Magnetic Connection Switch," F i n a l  Report - Phase I, 
Cont rac t  951232 under NAS7-100, SRX P r o j e c t  5669, S tanford  Research 
I n s t i t u t e ,  Menlo Park,  C a l i f o r n i a  (February 1966). 
? I  
2 
A. Av iz i en i s ,  Design of Faul t -Tolerant  Computers," AFIPS, Conference 
Proceedings V o l .  31, F a l l  J o i n t  Computer Conference, Anaheim, C a l i f o r n i a ,  
14-16 November 1967, pp. 733-743, (Thompson Books, Washington, D.C. 1967) 
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I1 PROJECT GOALS 
The main goa l  of t h e  p r o j e c t  h a s  been achievement of a r e l i a b l e  
swi tch  t o  c o n t r o l  t h e  a p p l i c a t i o n  of power t o  redundant u n i t s  of a 
spaceborn computer. The primary r e l i a b i l i t y  goa l  is t h a t  t h e  s w i t c h  
must t u r n  o f f  (either au tomat i ca l ly  or i n  response t o  a c o n t r o l  s i g n a l )  
no t  on ly  when t h e  computer u n i t  f a i l s ,  but  a l s o  when t h e  s w i t c h  i t s e l f  
f a i l s .  
u n i t  produces erroneous s i g n a l s  on an information bus, p revent ing  
proper ly  func t ion ing  u n i t s  from provid ing  t h e  c o r r e c t  information.  Rare 
f a i l u r e s  t h a t  r e s u l t  i n  t h e  product ion of no s i g n a l s  can be t o l e r a t e d ,  
s i n c e  such f a i l u r e s  do no t  prevent  redundant u n i t s  from providing t h e  
information r equ i r ed  from t h e  f a i l e d  u n i t .  
The s i t u a t i o n  t o  be  avoided is a f a i l u r e  wherein a malfunct ioning 
More specific goa l s  have been t o  f a b r i c a t e  breadboard models of 
three magnetic s w i t c h e s  w i t h  t h e  b a s i c  c h a r a c t e r i s t i c s  descr ibed  above 
and t o  b u i l d  a demonstrat ion u n i t  t o  show t h e  e f f e c t  on t h e  s w i t c h  
ope ra t ion  caused by va r ious  types  of f a i l u r e s .  These goa l s  have been 
achieved. The ope ra t ion  of t h e  three swi tches  and failure-mode 
demonstrat ion u n i t  was shown t o  JPL personnel .  Each of t h e  three s w i t c h s  
opera ted  over  a - 10°C t o  + 85'C temperature  range swi tch ing  25 w a t t s  
under c o n t r o l  of a system of redundant vo t ing  inpu t s .  The failure-mode 
demonstration u n i t  was connected t o  s imula t e  t h e  va r ious  types  of f a i l u r e s  
showing t h e  f a i l - s a f e  c h a r a c t e r  of t h e  switch.  
The swi tches  developed on t h i s  p r o j e c t  a r e  a p p l i c a b l e  t o  t h e  power 
switching requirements of a l l  t h e  redundant u n i t s  of t h e  computer except 
t h a t  t h e  c o n t r o l  d i agnos i s  u n i t  has s p e c i a l  c h a r a c t e r i s t i c s  provid ing  
t h e  oppor tuni ty  t o  expand t h e  use fu lness  of t h i s  swi tch ing  technique.  
It is s t r o n g l y  recommended t h a t  f u r t h e r  work be  done on applying t h e  
technique  t o  these s p e c i a l  c o n t r o l  d i agnos i s  u n i t  problems. 
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I11 SWITCH DESCRIPTION 
A .  Power C i r c u i t  
The b a s i c  p r i n c i p l e  of  t h e  swi tch  is descr ibed  i n  terms of an  
A i nduc to r  and a t ransformer,  both of which have s a t u r a b l e  cores .  
schematic  of t h e  i n d u c t o r / t r a n s f o m e r  c i r c u i t  is shown i n  Fig.  1. To 
connect t h e  load  t o  t h e  source,  t h e  induc to r  i s  caused t o  s a t u r a t e  and 
t h e  t ransformer  t o  ope ra t e  i n  its unsa tu ra t ed  region.  To disconnect  
t h e  load  from t h e  source,  t h e  t ransformer  is caused t o  s a t u r a t e  and t h e  
induc to r  is opera ted  i n  i t s  unsa tura ted  region.  
SQUARE t 
WAVE 
POWER I 
SOURCE 
SATURABLE 
TRANSFORMER 
TI -5669-40  
FIG. 1 INDUCT0 R/TRANSFORM ER 
CI RCUl T 
I n  t h e  phys ica l  r e a l i z a t i o n  of t h e  switch,  t h e  induc to r  and t r ans -  
former a r e  incorpora ted  i n  a s i n g l e  co re  wi th  f o u r  a p e r t u r e s  a s  shown 
i n  Fig. 2. The blocking and coupl ing a p e r t u r e s  perform t h e  func t ions  
of t h e  induc to r  and t ransformer  r e s p e c t i v e l y :  Legs 1 and 2 form t h e  
blocking a p e r t u r e  and Legs 4 and 5 form t h e  coupl ing a p e r t u r e .  Leg 3 
i s  requi red  only  t o  provide a pa th  f o r  t h e  f l u x  needed t o  s a t u r a t e  
e i t h e r  of t h e  f u n c t i o n a l  ape r tu re s .  
I n  t h e  c a s e  descr ibed  above, i n  which t h e  induc to r  is s a t u r a t e d  
and t h e  t ransformer  a c t i v e ,  Legs 1 and 2 a r e  s a t u r a t e d  downward and 
Leg 3, which has  t w i c e  t h e  f l u x  capac i ty  of each of t h e  o t h e r  l egs ,  is 
5 
s a t u r a t e d  upward. S ince  a l l  of t h e  f l u x  is accounted f o r  i n  Legs 1, 
2, and 3, t h e  f l u x  i n  Legs 4 and 5 must be equal  and oppos i te ,  a l lowing  
f l u x  t o  swi tch  back and f o r t h  around t h e  ape r tu re .  
BLOCKING COUPLING 
APERTURE APERTURE 
! v) 
W W W 
c 
(3 w 
-1 -1 -1 
11-9669-42 
FIG. 2 CORE FOR POWER SWITCH 
The windings f o r  connect ing t h e  source  and load  t o  t h e  co re  a r e  
shown i n  F ig .  3. The d i r e c t i o n s  of t h e  arrows on t h e  v e r t i c a l  l e g s  
of t h e  core i n d i c a t e  t h e  s t a t e  i n  which t h e  blocking a p e r t u r e  i s  
swi tch ing  and t h e  coupl ing a p e r t u r e  is  no t .  Assume t h a t  t h e  ins tan taneous  
source  - v o l t a g e  p o l a r i t y  is such t h a t  Line A is p o s i t i v e  and Line  B 
nega t ive .  Leg 1 s w i t c h e s  downward and Leg 2 upward. Leg 4 is dr iven  
downward but ,  s i n c e  it is a l r eady  s a t u r a t e d  i n  t h i s  d i r e c t i o n ,  cannot 
s w i t c h .  Leg 5 is d r iven  i n  t h e  set (upward) d i r e c t i o n  but  cannot 
swi tch  because there is no path f o r  t h e  f l u x  except through t h e  source  
l eg .  Flux cannot s w i t c h  through t h e  source l e g  because it is  h e l d  
s a t u r a t e d  i n  t h e  upward d i r e c t i o n  w i t h  a b i a s  magnetomotive f o r c e  (MMF). 
An a d d i t i o n a l  f a c t o r  t h a t  he lps  prevent  Leg 5 from swi tch ing  is t h a t  
t h e  long f l u x  path through Leg 3 r e q u i r e s  more MMF t o  s w i t c h .  S ince  
no swi tch ing  occurs  i n  e i ther  Legs 4 or 5 of t h e  coupl ing ape r tu re ,  no 
v o l t a g e  is induced i n  t h e  load  windings, e f f e c t i v e l y  d isconnec t ing  
t h e  load  from t h e  source .  
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FIG. 3 POWER CIRCUIT 
To connect t h e  load  t o  t h e  source ( t h e  on case ) ,  Legs 1 and 2 a r e  
s a t u r a t e d  downward, Leg 3 upward ( a s  f o r  t h e  o f f  case) ,  and Legs 4 and 
5 oppos i t e  from each o the r .  
Legs 4 and 5 switch and Legs 1 and 2 do  no t .  The swi tch ing  of Legs 4 
and 5 induces v o l t a g e  i n  t h e  load  windings, e f f e c t i v e l y  connect ing t h e  
load  t o  t h e  power source.  
By t h e  same argument used i n  t h e  o f f  case,  
The equa l i z ing  r e s i s t o r s  shown i n  F ig .  3 a r e  expla ined  i n  Sec. IV-F. 
B. Control  C i r c u i t  
To change t h e  p o s i t i o n  of t h e  switch,  a MMF must be  a p p l i e d  so a s  
t o  s a t u r a t e  t h e  a c t i v e  a p e r t u r e  or u n s a t u r a t e  t h e  i n a c t i v e  a p e r t u r e .  
7 
I t  is more p r a c t i c a l  t o  choose t h e  first approach of d r i v i n g  magnetic 
pa ths  i n t o  s a t u r a t i o n  ra ther  than  ou t  because overdr iv ing  i n t o  s a t u r a t i o n  
produces no ill e f f e c t s .  Conversely, a p r e c i s e  amount of MMF is requ i r ed  
t o  d r i v e  a core out  of s a t u r a t i o n ,  s i n c e  any s i g n i f i c a n t  overdr ive  
causes  t h e  pa th  t o  go  i n t o  s a t u r a t i o n  i n  t h e  oppos i t e  d i r e c t i o n .  
To t u r n  t h e  breadboard model s w i t c h  o f f ,  Legs 4 and 5 (Fig. 3) a r e  
d r iven  i n  t h e  downward d i r e c t i o n .  S ince  Leg 3 i s  always s a t u r a t e d  
i n  t h e  upward d i r e c t i o n ,  t h e  f l u x  i n  Leg 3 balances out  t h e  f l u x  i n  
Legs 4 and 5, l eav ing  Legs  1 and 2 ( t h e  coupl ing ape r tu re )  i n  t h e  
unsa tura ted  s t a t e ,  To t u r n  t h e  s w i t c h  on, Legs 1 and 2 a r e  d r iven  i n  
t h e  downward d i r e c t i o n .  
C. Voter  C i r c u i t  
The s w i t c h  is  requ i r ed  t o  ope ra t e  i n  response t o  mul t ip l e  input  
s i g n a l s  such t h a t  any t w o  or more out  of f i v e  i n p u t s  w i l l  cause t h e  
s w i t c h  t o  t u r n  on; a s i n g l e  input  w i l l  n e i t h e r  cause t h e  s w i t c h  t o  
t u r n  on n o r  hold it on. The  input  s i g n a l s  a r e  continuous dc c u r r e n t s  
app l i ed  t o  t h e  v o t e r  windings shown i n  Fig.  4 .  I t  is requ i r ed  t h a t  these 
windings pass  through t h e  a p e r t u r e  between Legs 2 and 3; however, they  
may r e t u r n  fo l lowing  any pa th  around t h e  o u t s i d e  of t h e  c o r e  so long 
a s  they do no t  pass  through any a p e r t u r e s .  The phys ica l  s t r u c t u r e  and 
mounting members of t h e  c o r e  make it convenient t o  r e t u r n  t h e  windings 
around t h e  o u t s i d e  of Leg 1. 
A b i a s  MMF app l i ed  downward on Legs 4 and 5 is requ i r ed  t o  prevent  
any s i n g l e  input  s i g n a l  from t u r n i n g  t h e  switch on, The th re sho ld  
c h a r a c t e r i s t i c s  of t h e  c o r e  tend  t o  he lp  achieve  t h e  non- l inea r i ty  
requi red  t o  g i v e  t h e  s w i t c h  t h e  f u l l -  on or f u l l -  o f f  c h a r a c t e r  d e s i r e d  
i n  any switch.  The co re  swi tch ing  th re sho ld  by i t s e l f ,  however, is 
much t o o  smal l  t o  ho ld  t h e  switch on w i t h  t h e  MMF magnitudes reached i n  
a swi tch  of t h i s  type .  A p o s i t i v e  feedback winding from t h e  output  t o  
t h e  input  produces a good on-off r a t i o  and n e a r  snap-act ion type  of 
opera t ion .  Th i s  feedback is accomplished simply by pass ing  t h e  l e a d  
ca r ry ing  c u r r e n t  t o  t h e  load  once through t h e  a p e r t u r e  between Legs 
2 and 3 i n  t h e  d i r e c t i o n  t h a t  t ends  t o  s a t u r a t e  Legs 1 and 2 i n  t h e  
8 
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FIG. 4 SIGNAL AND BIAS WINDINGS 
downward d i r e c t i o n  a s  shown i n  F ig .  3. A holding MMF on Leg  3 i n  t h e  
upward d i r e c t i o n  is requ i r ed  dur ing  t h e  on s t a t e  of t h e  swi tch .  ( I n  
p r a c t i c e ,  t h i s  MMF is  l e f t  on dur ing  t h e  o f f  s t a t e  f o r  convenience, 
bu t  is not r equ i r ed . )  The holding MMF is accomplished by apply ing  
equal  MMF’s i n  t h e  downward d i r e c t i o n  on Legs 1, 2, 4 ,  and 5. 
Summarizing, assume t h a t  t h e  switch is i n  t h e  o f f  s t a t e  and a 
s i n g l e  input  s i g n a l  appears ,  applying an  MMF downward on Legs 1 and 2 .  
I n  o rde r  t o  s a t u r a t e  Legs 1 and 2, f l u x  must swi tch  downward through 
Legs 1 and 2 and upward i n  Legs 4 and 5. Flux cannot switch i n  Leg 3, 
s i n c e  it is s a t u r a t e d  upward. S ince  Legs  4 and 5 have a downward b i a s  
of a magnitude roughly equal  t o  t h e  input  MMF, f l u x  does no t  r eve r se  
and t h e  swi tch  s t a y s  o f f .  When a second input  s i g n a l  appears ,  however, 
s u f f i c i e n t  MMF is app l i ed  t o  overcome t h e  b i a s  on Legs  4 and 5. Legs  
1 and 2 s a t u r a t e  downward and Legs 4 and 5 switch i n t o  t h e  a c t i v e  r eg ion ,  
Current  begins  t o  flow through t h e  feedback winding i n t o  t h e  load,  
d r i v i n g  Legs 1 and 2 f i rmly  i n t o  s a t u r a t i o n .  T h i s  feedback is not  of 
s u f f i c i e n t  magnitude, however, t o  hold t h e  switch should one of t h e  
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input s i g n a l s  be removed. Additional input s i g n a l s  beyond t w o  have 
no s i g n i f i c a n t  effect, s i n c e  they dr ive  L e g s  1 and 2 further i n t o  
saturation.  
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I V  SWITCH DESIGN 
A .  In t roduc t ion  
Four- and f ive -ape r tu re  cores were used i n  developing t h e  switch.  
The four -aper ture  core is shown i n  F ig .  2. The f ive -ape r tu re  c o r e  is 
s i m i l a r ,  except  t h a t  Leg 3 is made up of two s e p a r a t e  legs, each wi th  
ha l f  t h e  f l u x  capac i ty  of Leg 3 of t h e  four -aper ture  core .  S ince  t h e s e  
two l e g s  a r e  t r e a t e d  a s  one and a r e  always h e l d  s a t u r a t e d  i n  t h e  se t  
d i r e c t i o n ,  t h e r e  is no  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  ope ra t ion  of t h e  
four-  and f ive -ape r tu re  co res .  
four -aper ture  c o r e  is d iscussed  i n  t h i s  r e p o r t .  
For t h e  sake  of s i m p l i c i t y ,  only t h e  
B. Core -
1. Mate r i a l  
The m a t e r i a l  f o r  t h e  lamina t ions  of t h e  co res  is Orthonal 
(50 percent  Nicke l ;  50 percent  I ron)  of a t h i ckness  of 0.002 inch.  
High f l u x  d e n s i t y  and good s a t u r a t i o n  a r e  t h e  two main m a t e r i a l  charac- 
terist ics des i r ed .  Laminations must be  t h i n  enough t o  reduce eddy 
c u r r e n t  e f f e c t s  t o  a t o l e r a b l e  l e v e l  a t  2.4 kHz. The th re sho ld  charac- 
terist ics a r e  no t  c r u c i a l  i n  t h i s  a p p l i c a t i o n ,  because MMF's involved 
i n  t h e s e  power l e v e l s  a r e  l a r g e  compared t o  t h e  th re sho ld  of t h e  longes t  
f l u x  pa th  i n  t h e  co re .  
Metal r a t h e r  t han  f e r r i t e  is used i n  t h i s  a p p l i c a t i o n  because 
it can be  obta ined  wi th  b e t t e r  s a t u r a t i o n  c h a r a c t e r i s t i c s  and h igher  
s a t u r a t i o n  f l u x  dens i ty .  However, t h e  switch can be  designed around 
any square-loop magnetic m a t e r i a l  wi th  reasonably high f l u x  d e n s i t y  
and good s a t u r a t i o n  c h a r a c t e r i s t i c s .  
2. Shape 
The b a s i c  shape requirement of t h e  c o r e  is two a p e r t u r e s  
connected by a f l u x  c l o s u r e  path,  a s  shown i n  F ig .  2.  The a n g u l a r i t y  
of t h e  core is c r i t i c a l  only i n s o f a r  a s  it a f f e c t s  s a t u r a t i o n  charac- 
terist ics.  The c o r e  is  designed so t h a t  t h e  l e g s  of t h e  c o r e  a r e  a l l  
a t  r i g h t  ang le s  t o  each o t h e r ;  t h e  f l u x  pa ths  a r e  t h u s  e i t h e r  p a r a l l e l  
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or a t  r i g h t  a n g l e s  t o  t h e  p r e f e r r e d  d i r e c t i u n  of magnet izat ion of t h e  
metal .  P re sen t  no t ions  of domain w a l l  behavior  i n d i c a t e  t h a t  b e t t e r  
s a t u r a t i o n  c h a r a c t e r i s t i c s  are  obtained w i t h  squa re  rather t h a n  rounded 
co rne r s .  T h i s  has  been n e i t h e r  v e r i f i e d  no r  c o n t r a d i c t e d  i n  t h e  
l a b o r a t o r y  w i t h  t h e  c o r e s  used i n  t h i s  switch.  
The c r o s s - s e c t i o n a l  a r e a s  of a l l  t h e  v e r t i c a l  l e g s  of t h e  
c o r e  are  equal  except f o r  Leg 3, which is t w i c e  t h e  others. The cross- 
s e c t i o n a l  a r e a  of t h e  h o r i z o n t a l  l e g s  a r e  equal t o  Leg 3. The v e r t i c a l  
l e g  c r o s s - s e c t i o n a l  a r e a  is a f u n c t i o n  of t h e  f l u x  d e n s i t y  of t h e  m a t e r i a l ,  
t h e  number of primary winding t u r n s ,  and t h e  d r i v i n g  v o l t a g e  amplitude 
and frequency; s p e c i f i c a l l y :  
V 
4BFT 
A = -  
where  
A =  
v =  
B =  
F =  
T =  
2 
Cross s e c t i o n a l  a r e a  of a v e r t i c a l  l e g  i n  c m  , 
Amplitude of t h e  d r i v e  v o l t a g e  squa re  wave i n  v o l t s ,  
S a t u r a t i o n  f l u x  d e n s i t y  of t h e  core m a t e r i a l  i n  v o l t -  
microseconds / c m  , 
Frequency of t h e  d r i v e  v o l t a g e  (square-wave) i n  Hz, and 
Number of primary winding t u r n s .  
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The amplitude of t h e  d r i v e  v o l t a g e  square wave is  s p e c i f i e d  
and t h e  f l u x  d e n s i t y  of t h e  m a t e r i a l  is chosen t o  be a s  l a r g e  a s  p o s s i b l e ;  
however, t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  co re  l e g  and t h e  number of 
primary t u r n s  can be chosen a r b i t r a r i l y ,  so long a s  t h e i r  product is 
equal t o  t h e  v a l u e  r equ i r ed  by t h e  equat ion.  The s e l e c t i o n  of a cross- 
s e c t i o n a l  a r e a  and number of primary t u r n s  is c a l c u l a t e d  on t h e  b a s i s  
of minimum volume (and, t h e r e f o r e ,  approximately minimum weight) of t h e  
co re  p l u s  i t s  windings. (Th i s  c a l c u l a t i o n  is explained i n  Appendix A . )  
Leakage f l u x  is ano the r  f a c t o r  t h a t  would l i m i t  t h e  c r o s s - s e c t i o n a l  area 
of t h e  core i f  t h e  minimum volume c a l c u l a t i o n  i n d i c a t e d  many t u r n s  on a 
core of small  c r o s s  sec t ion .  The p r e s e n t  c o r e  s i z e  and shape is w e l l  
w i t h i n  t h e  range where leakage f l u x  is  not  s i g n i f i c a n t  r e l a t i v e  t o  t h e  
e l a s t i c  f l u x  of t h e  m a t e r i a l .  
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The va r ious  leg l eng ths  of t h e  core should,  i n  genera l ,  be 
as  s h o r t  a s  p o s s i b l e  so a s  t o  reduce both power loss and o v e r a l l  we igh t  
and volume. The a c t u a l  l eng ths  used r e s u l t  from t h e  minimum volume 
c a l c u l a t i o n s  mentioned above. Very long or very  s h o r t  pa ths  might 
r e s u l t  i n  t r o u b l e  w i t h  poor s a t u r a t i o n  c h a r a c t e r i s t i c s  and excess ive  
leakage f l u x ;  however, t h e  p re sen t  c o r e  is w e l l  w i t h i n  t h e  range where 
these problems a r e  not  encountered. 
The p r e c i s i o n  of t h e  dimensions of t h e  c o r e  a r e  c r u c i a l  
only i n  t h a t  t h e  c ros s - sec t iona l  a r ea  of t h e  v e r t i c a l  l e g s  (Legs 1, 2, 
4 ,  and 5 of Fig.  2) a r e  equal  t o  each o t h e r  and equal  t o  h a l f  t h e  c r o s s  
s e c t i o n a l  a r ea  of t h e  source  leg (Leg 3) and t h e  h o r i z o n t a l  l e g s .  
I t  is p r a c t i c a l  t o  hold t o l e r a n c e s  of 0,001 inch i n  e t ch ing  t h e  c o r e  
lamina t ions ;  t h i s  l e v e l  of p r e c i s i o n  is adequate  t o  co res  of t h i s  
gene ra l  s i z e  and shape. I t  is impossible  t o  put  an exac t  s p e c i f i c a t i o n  
on t h e  maximum a l lowable  v a r i a t i o n  of dimensions, s i n c e  t h e  r e s u l t  of 
v a r i a t i o n  is  a gradual  d e t e r i o r a t i o n  of performance i n  terms of on/off 
r a t i o  of t h e  output  v o l t a g e  and e f f i c i e n c y .  
dimensions for  va r ious  power ou tpu t s  a r e  given i n  Table  I .  
The recommended core  
The co re  c r o s s  s e c t i o n  could be made round by p rogres s ive ly  
varying t h e  leg w i d t h s  of t h e  lamina t ions .  The  advantage of having 
round-cross-section v e r t i c a l  legs i s  t o  a l low more e f f i c i e n t  u s e  of 
a p e r t u r e  space  i n  t h e  c a s e  where t h e  rotat ing-bobbin winding technique  
(descr ibed i n  Appendix B) is desired f o r  t h e  power windings.  
disadvantages of t h i s  technique  a r e  t h a t  t h e  s t r u c t u r e  is less compact 
(because t h e  h o r i z o n t a l  l e g s  a r e  wider than  f o r  t h e  r ec t angu la r  cross 
s e c t i o n  case)  and t h e  c o s t  of f a b r i c a t i o n  is  g r e a t e r .  
The  
I t  i s  no t  c l e a r  whether an o v e r a l l  volume advantage would be 
gained from going t o  round c r o s s  s e c t i o n s .  
any would be  t o o  smal l  t o  warrant  t h e  added c o s t .  
i s  r equ i r ed  t o  ob ta in  a d e f i n i t e  answer t o  t h i s  ques t ion .  
Probably t h e  decrease  i f  
Fu r the r  i n v e s t i g a t i o n  
3. Fabr i ca t ion  
T h e  co res  used i n  t h e s e  swi tches  were f a b r i c a t e d  by Magnetics 
Incorporated,  Bu t l e r ,  Pennsylvania.  A photograph of a c o r e  is  shown 
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i n  F ig .  5. The photoetching process  is s t anda rd  p r a c t i c e ,  r e q u i r i n g  
only t h e  usua l  c a r e  and a t t e n t i o n .  The s t ack ing ,  i n s u l a t i n g ,  and 
annea l ing  p ro f i c i ency  may vary  from manufacturer  t o  manufacturer s i n c e  
they have no t  reached t h e  l e v e l  of s t a n d a r d i z a t i o n  of t h e  photoetching 
process .  S p e c i f i c  d e t a i l e d  i n s t r u c t i o n s  f o r  mounting and winding t h e  
cores  a r e  g iven  i n  Appendix B. 
FIG. 5 PHOTOGRAPH OF FOUR-APERTURE CORE 
C. Windings 
The number of primary winding t u r n s  a r e  c a l c u l a t e d  on t h e  b a s i s  of 
Eq.  (1).  These c a l c u l a t i o n s  a r e  descr ibed  i n  Appendix A .  The secondary 
t u r n s  a r e  c a l c u l a t e d  on t h e  b a s i s  of t h e  t u r n s  r a t i o  t o  g i v e  t h e  d e s i r e d  
vo l t age  output ,  t ak ing  i n t o  account t h e  r e c t i f i e r  drop and r e g u l a t o r  
drop ( i f  necessary) .  A primary/secondary r a t i o  of 100:15 was used i n  
t h e  s w i t c h e s  developed on t h i s  p r o j e c t .  
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The m i n i m u m  a l lowable  w i r e  s ize  is determined by t h e  temperature  
rise and power l o s s  t h a t  can be  t o l e r a t e d  i n  t h e  winding. While 
c a l c u l a t i o n  of t h e  power l o s s  is  t r i v i a l ,  t h e  temperature  rise calcu- 
l a t i o n  is so d i f f i c u l t  a s  t o  be imprac t i ca l .  
from t h e  b a s i c  complicat ions of three-dimensional h e a t - t r a n s f e r  problems 
i n  a d d i t i o n  t o  t h e  w i d e  v a r i a t i o n s  due t o  t h e  core mounting technique  
and t h e  environment i n  which t h e  switch u l t i m a t e l y  w i l l  ope ra t e .  
Publ ished da ta  on w i r e  s i z e s  f o r  va r ious  t ransformer  conf igu ra t ions  a r e  
u s e l e s s ,  because t h e  co re  i n  t h i s  switch can d i s s i p a t e  hea t  so  much more 
e f f e c t i v e l y  than  is t h e  c a s e  i n  normal t ransformer  a p p l i c a t i o n s .  
Laboratory experiments showed a 5OC rise i n  temperature  under cond i t ions  
of w i r e  s ize  and c u r r e n t  f o r  which a 3OoC rise i n  temperature  was 
ind ica t ed  by t h e  publ ished da ta .  
The d i f f i c u l t y  a r i s e s  
The only s i g n i f i c a n t  reason t o  a t tempt  t o  approach t h e  minimum 
a l lowable  w i r e  s i z e  is t o  reduce t h e  weight and volume of t h e  swi tch .  
A l l  o t h e r  a s p e c t s  of t h e  switch,  such a s  e f f i c i e n c y  and r egu la t ion ,  
a r e  improved by making t h e  w i r e  l a r g e r .  
The experimental  approach is recommended f o r  f i n d i n g  t h e  minimum 
wire  s i z e  f o r  a given power output .  A curve of temperature  a s  a 
func t ion  of power output  f o r  a given sample swi tch  can be measured and 
e x t r a p o l a t  i ons  made from t h e  curve.  
Winding placement, i n s u l a t i o n  between l aye r s ,  and o t h e r  cons ide ra t ions  
of t h i s  type  a r e  no t  c r u c i a l  t o  t h e  ope ra t ion  of t h e  c i r c u i t .  Decis ions 
regarding t h e s e  f a c t o r s  should be made on t h e  b a s i s  of reducing t h e  
p r o b a b i l i t y  of f a i l u r e .  
The. des ign  of t h e  c o n t r o l  windings (shown i n  F ig .  4) depends upon 
t h e  r equ i r ed  c o n t r o l  MMF, t h e  d e s i r e d  r e s i s t a n c e  t o  a l low f o r  vo l t age  
d r ive ,  and t h e  minimum s a f e  w i r e  s i z e .  Winding r e s i s t a n c e  i s  important,  
s i n c e  it c o n t r o l s  t h e  c u r r e n t .  F a i l - s a f e  requirements d i c t a t e  t h a t  t h e  
c o n t r o l  winding be d r iven  from a v o l t a g e  source.  I t  is a l s o  important t h a t  
very l i t t l e  series r e s i s t a n c e  be  added. These requirements a r e  explained 
i n  g r e a t e r  d e t a i l  i n  Sec.  V.  
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The c o n t r o l  MMF's a r e  no t  c r i t i c a l  i n  magnitude; however, t h e  r a t i o  
of t h e  v o t e r  b i a s  MMF t o  t h e  v o t e r  MMF ( c a l l e d  t h e  v o t e r  r a t i o )  has  
t o l e r a n c e  l i m i t s ,  which depend upon t h e  magnitude of these MMF's. 
c o n t r o l  MMF's used i n  t h e  swi tches  developed h e r e  w e r e  of s u f f i c i e n t  
magnitude t o  g i v e  a t o l e r a n c e  on t h e  v o t e r  r a t i o  of about rt 5 pe rcen t .  
The des ign  v a l u e  of t h e  c o n t r o l  MMF's given  i n  Table  I1 is obta ined  
from experimental  r e s u l t s .  A f t e r  a swi tch  is designed and f a b r i c a t e d ,  
t h e  des ign  va lues  of t h e  c o n t r o l  MMF's a r e  tested and then ad jus t ed .  
The v o t e r  r a t i o  range is tested (as explained i n  P a r t  D, below) and 
ad jus t ed  t o  mid-range. I f  t h e  range is inadequate ,  t h e  magnitude of 
t h e  des ign  va lue  is increased  a s  f a r  a s  necessary  t o  o b t a i n  t h e  desired 
range. The express ion  from which t h e  c o n t r o l  winding t u r n s  and w i r e  
s i z e s  a r e  c a l c u l a t e d  is: 
The 
v 
(3) 
where 
MMF = t h e  r equ i r ed  c o n t r o l  MMF, 
V = t h e  sou rce  vol tage ,  
RT 
T = t h e  number of t u r n s .  
= t h e  r e s i s t a n c e  pe r  t u r n ,  and 
The t u r n s  cance l  i n  Eq. (3), l eav ing  j u s t  t h e  v o l t a g e  d iv ided  by t h e  
r e s i s t a n c e  p e r  t u r n .  
source  v o l t a g e  and r equ i r ed  MMF. The l eng th  of a t u r n  is determined from 
t h e  s i z e  of t h e  bobbin. Then t h e  r e s i s t a n c e  p e r  u n i t  l eng th  and f i n a l l y  
t h e  w i r e  s i z e  a r e  c a l c u l a t e d .  The t u r n s  a r e  set a t  a va lue  where t h e  
cur ren t -car ry ing  capac i ty  of  t h e  w i r e  is adequate ,  The t u r n s  can be 
increased  f u r t h e r ,  if desired, t o  lower t h e  c u r r e n t  t o  a l e v e l  compatible 
w i t h  t h e  d e s i r e d  type  of d r i v e  c i r c u i t .  
The r e s i s t a n c e  p e r  t u r n  is c a l c u l a t e d  f o r  a given 
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D. Recommended Designs 
Recommended des igns  a r e  given i n  Table  I f o r  5-, lo-, 20-, and 
40-watt swi tches .  Information t h a t  is independent of t h e  power output  
of t h e  swi tch  is g iven  i n  Table  11. 
, 
The r e fe rence  dimension of t h e  core is t h e  width of a v e r t i c a l  l e g  
of an a p e r t u r e .  
r e f e rence  dimension by t h e  appropr i a t e  f a c t o r ,  a s  shown i n  F ig .  6. 
The length ,  width,  and r e fe rence  dimension of t h e  c o r e  f o r  each power 
output  a re  g iven  i n  Table  I. 
A l l  o t h e r  dimensions a r e  obta ined  by mul t ip ly ing  t h e  
The e f f i c i e n c y  of t h e  c o r e  and i t s  windings is about 95 percent  
f o r  a l l  of t h e  switches,  bu t  t h e  l o s s  i n  e f f i c i e n c y  (20 percent )  due 
t o  t h e  r e c t i f i e r s  is high, a s  i n  any c a s e  where r e c t i f i c a t i o n  a t  low 
vo l t age  i s  necessary.  The des igns  given i n  t h e  t a b l e  a l low m l V  f o r  
i n s e r t i o n  of a r e g u l a t o r  c i r c u i t .  I f  t h e  square-wave power source  is 
w e l l  enough regula ted ,  and t h e  v a r i a t i o n  of l oad  on t h e  swi tches  is 
he ld  t o  roughly 50 percent ,  r e g u l a t o r s  would n o t  be needed. 
Load v a r i a t i o n  must be taken  i n t o  account i n  determining t h e  
optimum v o t e r  r a t i o  ( r a t i o  of v o t e r  b i a s  MMF t o  v o t e r  MMF). The v o t e r  
r a t i o  can t o l e r a t e  q u i t e  l a r g e  v a r i a t i o n s  i n  load ,  The load on t h e  
switch w i l l  vary,  due t o  t h e  normal ope ra t ion  of t h e  computer u n i t  
being dr iven .  From t h e  po in t  of view of c o n t r o l  c i r c u i t  design,  t h e  
range of power output  l e v e l s  given i n  Table  I may a l s o  be considered 
load  v a r i a t i o n .  Another t ype  of load  v a r i a t i o n  is  t h e  i n c r e a s e  i n  
load  impedance looking i n t o  t h e  computer u n i t  being dr iven ,  when t h e  
vo l t age  is reduced t o  t h e  o f f  l e v e l .  The o f f  v o l t a g e  f o r  t h i s  a p p l i c a t i o n  
is about 0.5V. The c h a r a c t e r i s t i c s  of t h e  swi tch  a r e  s u c h  t h a t  t h e  o f f  
vo l t age  tends  t o  be  h ighe r  a s  t h i s  impedance i n c r e a s e s .  The optimum 
va lue  of t h e  v o t e r  r a t i o  depends upon a l l  t h r e e  of t h e s e  types  of load  
v a r i a t i o n s .  Measurements on t h e  swi tches  showed t h a t  when t h e  v o t e r  
r a t i o  was ad jus t ed  t o  i t s  optimum value ,  a load  range of 1 t o  15  R 
could be  t o l e r a t e d  i n  both t h e  on and o f f  s t a t e s  of t h e  swi tch ,  s t i l l  
l eav ing  a 5 percent  t o l e r a n c e  on t h e  r a t i o .  The des ign  va lue  r a t i o  of 
1.33 i n  Table  I1 is given a s  a s t a r t i n g  po in t  from which t o  a d j u s t  t h e  
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Table I 
DESIGN RECOMMENDATIONS 
Parameter 
Core Length ( inches)  
Core Width ( inches)  
Core Dimension x ( inch)  
Primary Turns (each l eg )  
Primary W i r e  Gauge 
Secondary Turns (each l eg )  
Secondary Wire Gauge 
Feedback Wire Gauge 
Balance Res is tance  (ohms) 
Primary Current I' ontr (amperes) 
Secondary Current "on" 
(amperes) 
Primary Current "off"  (ampere) 
Power Loss i n  Winding (watt)  
Power Loss i n  Core (wat ts)  
Power Loss i n  Core P lus  
Windings (wat t s )  
E f f i c i ency  of Core and 
Windings (%) 
Eff i c i ency  Inc luding  
R e c t i f i e r  (%) 
Equivalent  S e r i e s  Res is tance  
Referred t o  Secondary (ohms) 
5 Watts 
2.57 
0.976 
0.134 
224 
31 
34 
25 
25 
0.05 
0.156 
1 
0.006 
0,200 
0 . 3  
0 .5  
93.6 
77 
0.164 
18 
Value f o r  Capacity of 
LO Watts 
3.05 
1.16 
0.159 
158 
28 
24 
22 
22 
0.04 
0.310 
2 
0.010 
0.332 
0 . 5  
0.832 
94.6 
76.5 
0.087 
20 Watts 
3.63 
1.38 
0.189 
112 
25 
17 
19  
1 9  
0.03 
0.617 
4 
0.017 
0.560 
0.85 
1 . 4 1  
95.3 
76 
0.053 
40 Watts 
4.32 
1.64 
0.225 
79 
22 
1 2  
16 
16 
0.03 
1.23 
8 
0.029 
0.930 
1.45 
2.38 
96.1 
75 
0.04 
Table  I1 
GENERAL DESIGN INFORMATION 
Pa ramet e r  
Turns r a t i o ,  secondary t o  primary 
W i r e  i n s u l a t i o n  
Feedback winding t u r n s  
Voter  Ra t io  
Voter  MMF 
Voter  b i a s  MMF 
Source b i a s  
~ 
Value 
15: 100 
Heavy Nyleeze or equ iva len t  
1 
1 .33  
9 ampere-turns 
1 2  ampere-turns 
Grea te r  than  28/ampere-turns 
TA - 5 6 69 - 50 
FIG. 6 CORE DIMENSION FACTORS 
r a t i o  t o  i t s  optimum va lue  for t h e  p a r t i c u l a r  power output  l e v e l ,  for 
which it is designed, and for t h e  p a r t i c u l a r  l oad  v a r i a t i o n  t o  which 
it w i l l  be  sub jec t ed ,  
The v o t e r  r a t i o  is t e s t e d  by connect ing t h e  des ign  va lue  voter -  
b i a s  MMF t o  t h e  c o r e  wi th  t h e  power connected t o  t h e  power windings and 
t h e  des ign  va lue  load  connected t o  t h e  output .  A v a r i a b l e  MMF then  
app l i ed  t o  t h e  voter-winding l e g  of t h e  co re  is  increased  u n t i l  t h e  
co re  t u r n s  on, then  decreased u n t i l  it t u r n s  off. The lower l i m i t  of 
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t h e  v o t e r  MMF is h a l f  t h e  turn-on MMF; t h e  lipper l i m i t  is equal  t o  t h e  
turn-off  MMF. The test must be repea ted  f o r  t h e  maximum va lue  t o  which 
t h e  load  r e s i s t a n c e  w i l l  r ise when t h e  swi tch  is turned  o f f .  The v o t e r  
range can be  increased  by inc reas ing  t h e  v o t e r  b i a s  MMF. This  range 
need n o t  b e  l a rge ,  because t h e  v o t e r  and voter -b ias  windings w i l l  be  
d r iven  from t h e  same v o l t a g e  source.  
v o l t a g e  w i l l  vary  v o t e r  and v o t e r  b i a s  MMF's toge the r ,  keeping t h e  
r a t io  t h e  same. The accuracy of t h e  r a t i o  of t h e  MMF's depend only on 
t h e  accuracy of t h e  r a t i o  of t h e  r e s i s t a n c e s  of t h e  windings and t h e i r  
t r a c k i n g  w i t h  temperature .  A 5 t o  10 percent  t o l e r a n c e  i n  t h e  v o t e r  
r a t i o  is adequate.  
Thus, v a r i a t i o n  i n  t h e  supply 
A f t e r  t h e  v o t e r  and v o t e r  b i a s  MMF's a r e  obta ined  from t h e  above 
tests, t h e  w i r e  s i z e  and number of t u r n s  a r e  determined, a s  explained 
i n  P a r t  C. I f  t h e  r equ i r ed  w i r e  s i z e s  a r e  t o o  smal l  f o r  convenient 
windings, a series r e s i s t o r  can be used, providing t h a t  it is  common 
t o  a l l  of t h e  v o t e r  windings and t o  t h e  v o t e r  b i a s  winding, so t h a t  
t h e  same v o l t a g e  appears  a c r o s s  them a l l  even though it changes a s  t h e  
number of v o t e r  i n p u t s  change. The r e s i s t a n c e s  of t h e  v o t e r  windings, 
v o t e r  b i a s  winding, and series r e s i s t o r  must be such t h a t  when two 
v o t e r s  a r e  on, t h e  des ign  va lue  MMF's a r e  app l i ed  t o  t h e  proper  l e g s .  
When more v o t e r s  a r e  turned  on, t h e  MMF i n  each winding w i l l  decrease ,  
due t o  t h e  increased  drop a c r o s s  t h e  series r e s i s t o r ,  b u t  t h e  n e t  MMF 
holding t h e  c o r e  on w i l l  i nc rease .  
The inconveniences of v o l t a g e  d r i v e  a r e  w e l l  worth t o l e r a t i n g  
i n  o r d e r  t o  g a i n  t h e  r e l i a b i l i t y  advantages explained i n  Sec.  V. 
E. Ex te rna l  C i r c u i t  
The ope ra t ion  of t h i s  s w i t c h  is a f f e c t e d  very  s t r o n g l y  by t h e  f l u x  
or volt-microsecond ba lance  between t h e  two ha lves  of t h e  square-wave 
vo l t age  source.  
Flux swi tch ing  i n  a leg of a core is cumulative,  i n  t h a t  t h e  amount 
of f l u x  switched i n  one d i r e c t i o n  dur ing  one h a l f  of t h e  c y c l e  must 
b e  equal  t o  t h e  f l u x  switched i n  t h e  oppos i t e  d i r e c t i o n  dur ing  t h e  
o t h e r  h a l f  cyc le .  If t h e  f l u x  switched i n  both d i r e c t i o n s  is no t  equal ,  
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t h e  f l u x  l e v e l  f o r  t h e  h a l f  c y c l e  i n  which more f l u x  is switched 
increases u n t i l  s a t u r a t i o n  is reached, Once s a t u r a t i o n  is reached, t h e  
co re  s t o p s  swi tch ing  and no longer  gene ra t e s  a back vol tage ,  thereby 
caus ing  t h e  input  current t o  rise r a p i d l y .  
I n  o rde r  t o  m e e t  t h e  requirement of equal  f l u x  swi tch ing  i n  both 
d i r e c t i o n s ,  t h e  d r i v i n g  square-wave source  must  have equal  vol tage-  
t i m e  p roducts  under t h e  t w o  ha lves  of t h e  square-wave d r i v e .  Th i s  
e q u a l i t y  i s  ensured by us ing  a t ransformer  d r i v e ,  s i n c e  t h e  t ransformer  
i t s e l f  has  t h e  same f lux-switching balance requirement.  Th i s  f l u x  
ba lance  is r e f e r r e d  t o  h e r e i n  a s  d i r e c t i o n a l  balance.  For d i r e c t i o n a l  
balance,  on ly  t h e  n e t  f l u x  change p e r  h a l f  c y c l e  must be balanced. 
Another cond i t ion  of ba lance  t h a t  must  be maintained is t h a t  equal  
and oppos i t e  f l u x  must s w i t c h  i n  t h e  two l e g s  of a g iven  ape r tu re .  Not 
only must t h e  n e t  f l u x  change i n  t h e  t w o  l e g s  be  equal  f o r  any ha l f  
cycle, but  t h e  r a t e  of change of f l u x  i n  t h e  two l e g s  a t  any i n s t a n t  must  
a l s o  be  equal .  
The output  a p e r t u r e  wi th  i ts  primary and secondary windings is 
shown i n  F ig .  7. The common 0.03 R r e s i s t o r  i s  omit ted i n  o r d e r  t o  
f a c i l i t a t e  t h e  explana t ion .  Assume t h a t  t h e  v o l t a g e  on Leg 5 primary 
is p o s i t i v e  a s  shown a t  po in t  A i n  t h e  waveform on t h e  f i g u r e .  Current  
flows i n  t h e  secondary on Leg 5 but  no t  Leg 4 because t h e  d iode  is c u t  
o f f .  The load  c u r r e n t  i n  t h e  secondary produces a corresponding c u r r e n t  
i n  t h e  primary winding. The c u r r e n t  i n  t h e  primary causes  a vo l t age  
drop a c r o s s  t h e  r e s i s t a n c e  of t h e  winding, reducing t h e  e f f e c t i v e  v o l t a g e  
t h a t  produces t h e  f l u x  change i n  t h e  core .  The r a t e  of change of f l u x  
i n  Leg 4 is g r e a t e r  t han  t h a t  i n  Leg 5 because no decrease  i n  vo l t age  
corresponding t o  t h a t  i n  Leg 5 has  occurred;  t h i s  is  because t h e  secondary 
winding on Leg 4 i s  no t  drawing c u r r e n t .  These cond i t ions  v i o l a t e  t h e  
requirement of equal  r a t e s  of change of f l u x  i n  t h e  two l e g s :  The 
primary winding on Leg 4 is t r y i n g  t o  change f l u x  i n  Leg 4 a t  a g r e a t e r  
r a t e  t han  it is changing i n  Leg 5. The ne t  r e s u l t  of t h i s  cond i t ion  
is t h a t  c u r r e n t  rises i n  t h e  primary of Leg 4 .  
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FIG. 7 COUPLING APERTURE 
The i n c r e a s e  of c u r r e n t  i n  t h e  primary of Leg 4 tends  t o  equa l i ze  
t h e  e f f e c t i v e  v o l t a g e  app l i ed  t o  t h e  t w o  l e g s  by decreas ing  t h e  e f f e c t i v e  
vo l t age  app l i ed  t o  Leg 4 due t o  t h e  increased  drop a c r o s s  t h e  r e s i s t a n c e  
of t h e  Leg 4 winding and inc reas ing  t h a t  app l i ed  t o  Leg 5. 
vo l t age  on Leg 5 inc reases  wi th  inc reas ing  c u r r e n t  i n  t h e  primary of 
Leg 4 ;  t h i s  is because it c a r r i e s  some of t h e  secondary load  on t h e  
secondary of Leg 5, thereby  reducing t h e  c u r r e n t  i n  t h e  primary of Leg 
5. I d e a l l y ,  t h e  primary c u r r e n t s  i n  Leg 4 and Leg 5 would become equal ,  
i n  o rde r  t o  ba lance  t h e  r a t e s  of change of f l u x  i n  t h e  two legs.  Two 
a l t e r n a t i v e  ways t o  ba lance  t h e  f l u x  change i n  t h e  t w o  l e g s  a r e  e i t h e r  
t o  reduce t h e  v o l t a g e  app l i ed  t o  t h e  primary wi th  t h e  unloaded secondary 
(Leg 4 i n  t h i s  case)  t o  a l e v e l  equal  t o  t h e  e f f e c t i v e  vo l t age  app l i ed  
The e f f e c t i v e  
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t o  t h e  loaded l e g  (Leg 5),  or t o  i n c r e a s e  t h e  v o l t a g e  app l i ed  t o  t h e  
primary of t h e  loaded leg. These a l t e r n a t i v e  approaches can be 
accomplished s imultaneously by lowering t h e  v o l t a g e  app l i ed  t o  t h e  ends 
of t h e  t w o  primary windings below ground by some a p p r o p r i a t e  amount. 
With t h i s  v o l t a g e  set a t  zero,  t h e  c u r r e n t s  i n  t h e  two pr imar ies  a r e  
equal .  As t h e  magnitude of t h i s  nega t ive  v o l t a g e  is increased ,  t h e  
c u r r e n t  decreases  i n  t h e  Leg 4 primary (less drop i n  i ts  windings is 
required)  and inc reases  i n  Leg 5. The sum of t h e  primary c u r r e n t s  
s t a y s  cons tan t  wh i l e  t h e  v o l t a g e  changes u n t i l  t h e  p o i n t  is reached 
where t h e  c u r r e n t  i n  t h e  Leg 5 primary passes  through ze ro  and r eve r ses .  
The rea f t e r ,  t h e  d i f f e r e n c e  between t h e  c u r r e n t s  s t a y s  cons t an t .  The 
preceding explana t ion  was made r e l a t i v e  t o  t h e  s t a t e  of t h e  d r i v e  v o l t a g e  
marked Po in t  A on Fig .  7. The same arguments apply t o  t h e  o t h e r  h a l f  
of t h e  square  wave, except t h a t  t h e  e f f e c t s  on Legs 4 and 5 a r e  reversed .  
The reason f o r  applying a v o l t a g e  t o  t h e  ends of t h e  primary 
windings has  t o  do with t h e  e f f e c t  on t h e  c o n t r o l  c i r c u i t .  The MMF's 
r e s u l t i n g  from c u r r e n t s  i n  both t h e  pr imar ies  and secondar ies  on t h e  two 
legs i n t e r a c t  with each o t h e r  t o  produce a n e t  MMF tending  t o  switch 
f l u x  i n  t h e  rest of t h e  core .  Th i s  MMF is app l i ed  t o  Legs 6 and 7 .  
I f  t h e  n e t  MMF is i n  a d i r e c t i o n  t o  switch f l u x  counterclockwise through 
Legs 6, 3 and 7, Leg 3 w i l l  have t o  be  he ld  s a t u r a t e d  upward with a b i a s  
MMF. Leg 3 must be  s a t u r a t e d  upward f o r  proper  ope ra t ion  of t h e  swi tch .  
I f  t h e  n e t  MMF is clockwise,  no b i a s  is needed, because Leg 3 would 
s t a y  s a t u r a t e d  i n  t h e  upward d i r e c t i o n .  The d i r e c t i o n  of t h e  n e t  MMF 
app l i ed  t o  t h e  rest of t h e  co re  a s  a r e s u l t  of t h e  MMF's app l i ed  t o  Legs 
4 and 5 depends upon which d r i v i n g  MMF i s  t h e  l a r g e r ,  Leg 4 or Leg 5. 
The d r i v i n g  MMF on a g iven  l e g  is  i ts  primary MMF minus i ts  secondary 
MMF. I f  t h e  d r i v i n g  MMF is g r e a t e r  on Leg 4 whi le  i t  is i n  an upward 
d i r e c t i o n ,  t hen  t h e  MMF app l i ed  t o  Legs  6, 3, and 7 is i n  a counterclock-  
w i s e  d i r e c t i o n ,  and v i c e  versa  i f  t h e  d r i v i n g  MMF on Leg 5 is  g r e a t e r  
i n  t h e  downward d i r e c t i o n .  The sum of t h e  two primary MMF's has  two 
components: t h e  MMF r e f l e c t e d  from t h e  secondary MMF, and t h a t  r equ i r ed  
t o  switch t h e  f l u x  i n  t h e  two l e g s  of t h e  a p e r t u r e .  A s  explained above, 
a vo l t age  app l i ed  t o  t h e  ends of t h e  primary windings changes t h e  
-
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d i s t r i b u t i o n  of t h i s  t o t a l  MMF between t h e  t w o  primary windings. Assume 
t h a t  t h i s  v o l t a g e  has  been a d j u s t e d  t o  a l e v e l  where  t h e  t o t a l  primary 
MMF is provided by c u r r e n t  i n  t h e  Leg 5 primary winding (zero  c u r r e n t  
i n  Leg 4 primary).  Now t h e  d r i v i n g  MMF is obviously g r e a t e r  i n  Leg 5 
i n  t h e  downward d i r e c t i o n  and t h e  MMF on Legs 6, 3 and 7 w i l l  be i n  t h e  
clockwise d i r e c t i o n .  By t h e  same reasoning, on t h e  other h a l f  c y c l e  of 
t h e  d r i v i n g  squa re  wave, t h e  d r i v i n g  MMF w i l l  be g r e a t e r  on Leg 4 i n  t h e  
downward d i r e c t i o n  d r i v i n g  Legs 6, 3 and 7 i n  t h e  same d i r e c t i o n .  I n  
genera l ,  it is d e s i r a b l e  t o  ope ra t e  i n  t h i s  mode s i n c e  no b i a s  MMF is 
requ i r ed  t o  ho ld  Leg 3 s a t u r a t e d  i n  t h e  upward d i r e c t i o n .  The MMF app l i ed  
t o  t h e  rest of t h e  core inc reases  a s  t h e  v o l t a g e  app l i ed  t o  t h e  ends 
of t h e  primary is increased.  I t  would appear t h a t  t h e  l e v e l  could be 
increased  t o  a po in t  where t h e  v o t e r  b i a s  would no longe r  be necessary,  
s i n c e  t h e  v o t e r  b i a s  a p p l i e s  a clockwise MMF through Legs 6, 3 and 7. 
The  reason t h i s  technique cannot be used r e l a t e s  t o  t h e  ope ra t ion  when 
t h e  s w i t c h  is i n  t h e  o f f  condi t ion .  I n  t h e  o f f  condi t ion,  there is no 
secondary c u r r e n t  t o  d i s t u r b  t h e  o r i g i n a l  ba lance  t h a t  e x i s t s  between 
t h e  two ha lves  of t h e  square  wave. A v o l t a g e  on t h e  ends of t h e  primary 
windings i n  t h e  o f f  c a s e  upse t s  t h e  balance and l a r g e  c u r r e n t s  f l o w  t o  
r e s t o r e  t h e  ba lance  w i t h  v o l t a g e  drop ac ross  t h e  winding r e s i s t a n c e .  
The v o l t a g e  on t h e  ends of t h e  primary windings must be  der ived  from 
t h e  swi tch ing  of t h e  coupl ing ape r tu re ,  so  t h a t  it goes t o  ze ro  when 
t h e  s w i t c h  is turned  o f f ,  S ince  t h e  v o t e r  b i a s  MMF must be  p re sen t  
when t h e  s w i t c h  is o f f ,  it cannot be der ived  f r o m  t h e  primary winding 
b i a s  vol tage .  The primary b i a s  v o l t a g e  can be  genera ted  from a s p e c i a l  
secondary on t h e  coupl ing a p e r t u r e  of about two t u r n s  or by pass ing  t h e  
load  v o l t a g e  through a low r e s i s t a n c e .  The c i r c u i t  descr ibed  i n  t h i s  
r e p o r t  u ses  t h e  l a t e r  approach w i t h  t h e  resistors having a va lue  of 
0.03 0. The c i r c u i t  is shown i n  Fig.  7. Note t h a t  a s e p a r a t e  r e s i s t a n c e  
was used i n  series w i t h  each secondary winding. The experimentat ion 
carried on i n  t h e  l abora to ry  showed t h i s  conf igu ra t ion  t o  be  very  s t a b l e  
under both normal and s imulated f a i l u r e  modes of ope ra t ion ,  The 0.03 R 
r e s i s t o r s  do n o t  provide enough b i a s  v o l t a g e  on t h e  p r imar i e s  t o  produce 
t h e  cond i t ion  where t h e  n e t  MMF app l i ed  t o  Legs 6, 3, and 7 is i n  t h e  
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d e s i r e d  clockwise d i r e c t i o n .  The r e s i s t a n c e  r equ i r ed  t o  produce t h i s  
cond i t ion  would be about three t i m e s  a s  l a r g e .  T h i s  much r e s i s t a n c e  
would r ep resen t  s i g n i f i c a n t  power loss. I t  w a s  decided t h a t  t h e  more 
p r a c t i c a l  approach was t o  u s e  less r e s i s t a n c e  t o  save  power and t o  accept  
t h e  inconvenience of having t o  provide  a source  b i a s  MMF. 
It is suggested t h a t  more work could p r o f i t a b l y  done i n  t h e  a r e a  
of b i a s i n g  t h e  primary windings. There  was not  s u f f i c i e n t  t i m e  t o  
pursue t h e  work f u r t h e r  w i t h  t h e  funds remaining. I t  is not  c l e a r  j u s t  
what t h e  n e t  power loss r e a l l y  is when a l l  f a c t o r s  a r e  taken i n t o  account .  
With t h e  primary v o l t a g e  b i a s  set a t  t h e  i d e a l  l e v e l ,  power is l o s t  i n  
t h e  power c i r c u i t  b u t  gained i n  t h e  c o n t r o l  windings.  The  v o t e r  MMF's 
a r e  reduced and t h e  source  b i a s  is e l imina ted .  The optimum arrangement 
has no t  ye t  been determined. 
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* 
V FAILURE MODES 
The under ly ing  reason  f o r  t h e  t o l e r a n c e  of f a i l u r e  inherent  i n  t h e  
magnetic swi tch  is t h a t  t h e  switching mechanism is magnetic f l u x  r e v e r s a l .  
S ince  t h e  f l u x  ex is t s  i n  a s o l i d  metal  s t r u c t u r e  without  j o i n t s ,  j unc t ions ,  
or connect ions,  and s i n c e  t h e  only known types  of f l u x  r e v e r s a l  f a i l u r e  
r e l a t e  t o  temperature ,  r a d i a t i o n ,  or mechanical s t r a i n  f a r  beyond t h a t  
which can be  t o l e r a t e d  by semiconductor devices ,  f a i l u r e  of t h e  b a s i c  
switch mechanism ( t h e  core) can be  r u l e d  out  a s  a r e l i a b i l i t y  problem. 
I f  it can b e  shown t h a t  t h e  f l u x  can b e  switched t o  i t s  o f f  conf igu ra t ion  
regardless of f a i l u r e s  i n  windings and o t h e r  e x t e r n a l  c i r c u i t r y ,  then  
t h e  switch is  f a i l  s a f e  (a s a f e  f a i l u r e  is t h e  cond i t ion  i n  which t h e  
switch t u r n s  o f f  au tomat i ca l ly  or i n  response t o  a s i g n a l ) .  Re la t ing  
t h e  argument t o  t h e  switch of Fig.  5, t h e  switch is f a i l  s a f e  so long 
a s  t h e  coupl ing a p e r t u r e  can b e  s a t u r a t e d  downward under f a i l u r e  
condi t ions .  An a d d i t i o n a l  r e l i a b i l i t y  requirement is p a r t l y  i n t e r n a l  
and p a r t l y  e x t e r n a l  t o  t h e  switch.  
m u s t  n o t  be sho r t ed  out .  I n  some circumstances,  s h o r t - c i r c u i t  condi t ions  
can be  burned open; however, i n  t h i s  case,  where sho r t ed  t u r n s  can occur  
i n  e i t h e r  t h e  power source  t ransformer  or t h e  blocking a p e r t u r e  winding, 
burn-open is  imprac t i ca l  because conductors  a r e  r e l a t i v e l y  l a r g e .  
Attempts t o  burn t h e  s h o r t  open would be  a s  l i k e l y  t o  w e l d  them more 
permanently a s  t o  burn them open. The recommended approach t o  t h e  
problem of sho r t ed  t u r n s  on t h e  blocking a p e r t u r e  winding i s  t o  l a y  
t h e  winding on t h e  c o r e  i n  uniform s p i r a l s  so t h a t  a s h o r t  could only 
occur  between ad jacen t  t u r n s ,  producing only s ing le - tu rn  s h o r t s .  A 
s ing le - tu rn  s h o r t  a c t s  e s s e n t i a l l y  a s  a loaded secondary. I f  t h e  
r e s i s t a n c e  of a s i n g l e  t u r n  i s  no t  less than 0.01 R, t h e  load  c u r r e n t  
r e f l e c t e d  t o  t h e  source  is  only 0.5 A and t h e  switch would remain o f f .  
The r e s i s t a n c e  might have t o  be  maintained h ighe r  t han  0 .01  Q t o  l i m i t  
t h e  hea t  genera ted  by t h e  c u r r e n t  i n  t h e  sho r t ed  t u r n .  The r e s i s t a n c e  
used would depend on a compromise based on 
The square-wave power sou rce  obviously 
(1) Power d r a i n  caused by t h e  sho r t ed  t u r n s ,  
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(2) Power l o s s  due t o  t h e  i n c r e a s e  i n  r e s i s t a n c e  of 
t h e  winding under normal cond i t ions ,  
(3) H e a t  generated by c u r r e n t  i n  t h e  s h o r t e d  t u r n ,  and 
(4) Mechanical s t r e n g t h  of t h e  w i r e .  
The mechanical s t r e n g t h  of t h e  w i r e  might become important a s  t h e  w i r e  
is reduced i n  s ize  t o  g i v e  t h e  r equ i r ed  r e s i s t a n c e  p e r  t u r n .  
Another approach is t o  u s e  a number of p a r a l l e l  connected windings, 
each winding having small  enough w i r e  so t h a t  a s h o r t e d  t u r n  would burn 
i tself  open and t h e  s w i t c h  would con t inue  t o  o p e r a t e  w i t h  c u r r e n t  
f lowing through t h e  remaining windings. There is  a h i g h e r  p r o b a b i l i t y  
of breakage w i t h  smaller w i r e s ,  bu t  t h e  redundancy of t h e  p a r a l l e l  
windings would probably compensate adequately,  and an  open-circui t  
f a i l u r e  is a s a f e  f a i l u r e .  
The s w i t c h  is made t o l e r a n t  of control-winding f a i l u r e s  w i t h  t h e  
c i r c u i t  shown i n  Fig. 8. The winding is  d r iven  w i t h  a v o l t a g e  sou rce  
w i t h  t h e  a d d i t i o n a l  requirement t h a t  no series r e s i s t a n c e  be added except 
under t h e  s p e c i a l  circumstances described i n  Sec. IV-D. With t h i s  d r i v e  
arrangement, two compensating e f f e c t s  r e s u l t  from s h o r t e d  windings. 
The number of t u r n s  reduces and t h e  t o t a l  r e s i s t a n c e  (as  seen by t h e  
d r i v e  vo l t age )  decreases .  They change by t h e  same f a c t o r  s i n c e  t h e  
r e s i s t a n c e  p e r  t u r n  i s  e s s e n t i a l l y  cons t an t .  The dec rease  i n  r e s i s t a n c e  
causes an  i n c r e a s e  i n  c u r r e n t  which is p ropor t iona l  t o  t h e  dec rease  i n  
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t u rns ,  r e s u l t i n g  i n  t h e  same MMF being app l i ed  t o  t h e  c o r e  a s  be fo re  t h e  
s h o r t  occurred.  
c o n t r o l  winding (i.e.,  t h e  v o t e r s ,  v o t e r  b i a s ,  and source  b i a s ) .  
Th i s  d i scuss ion  of s h o r t  c i r c u i t s  a p p l i e s  t o  a l l  t h r e e  
The loading  e f f e c t  due t o  sho r t ed  t u r n s  on t h e  c o n t r o l  windings 
is of no s i g n i f i c a n c e ,  because t h e  s i g n a l s  a r e  dc.  The swi tch  changes 
p o s i t i o n  more s lowly wi th  sho r t ed  t u r n s ,  but  t h i s  is of no consequence 
i n  t h i s  a p p l i c a t i o n .  
The open-c i rcu i t  problem is not  a s  s imple a s  t h e  s h o r t - c i r c u i t  
problem i n  t h e  c a s e  of t h e  c o n t r o l  windings.  
t h e  v o t e r  windings; an open f a i l u r e  is  a s a f e  f a i l u r e .  I n  t h e  c a s e  
of t h e  source  b i a s ,  open c i r c u i t s  can be  p ro tec t ed  a g a i n s t  wi th  redundant 
p a r a l l e l  windings, s i n c e  t h e r e  is no upper l i m i t  on t h e  source  b i a s  
l e v e l  i n s o f a r  a s  requirements f o r  proper  ope ra t ion  a r e  concerned. The 
v o t e r  b i a s  must be  p ro tec t ed  i n  a s p e c i a l  way. P a r a l l e l  windings cannot 
be used because t h e r e  is both an  upper and lower bound on t h e  l e v e l  of 
t h i s  b i a s .  P a r a l l e l  windings can be  used i f  t h e  windings a r e  connected 
t o  each o t h e r  every few t u r n s .  
only a few t u r n s  a r e  l o s t  and t h e  r e s u l t i n g  small  change i n  MMF can be 
t o l e r a t e d .  An open v o t e r  b i a s  winding i s  less s e r i o u s  than o t h e r  
f a i l u r e s  from t h e  po in t  of view t h a t  i n  o rde r  f o r  a switch t o  be turned  
on er roneous ly  because of an open v o t e r  b i a s  winding, an erroneous 
v o t e r  s i g n a l  must  a l s o  be p re sen t .  Means may be found by which t h e  
computer c o n t r o l  u n i t  can t u r n  o f f  i ts  own erroneous v o t e r  s i g n a l .  
There is  no problem wi th  
I f  a winding opens under t h e s e  condi t ions ,  
The t h i r d  and l a s t  a r ea  i n  which f a i l u r e s  can occur  is  t h e  coupl ing 
ape r tu re ,  its windings, and t h e  output  c i r c u i t r y .  Open c i r c u i t s  a r e  
not  a problem. The primary and secondary winding can be opened indi -  
v i d u a l l y  or i n  any combination wi th  no undes i r ab le  r e s u l t s ,  except f o r  
a reduct ion  of output  vo l t age .  The c o n t r o l  c i r c u i t  can t u r n  t h e  switch 
o f f  i n  any case .  The open f a i l u r e s  i n  any combination a r e  s a f e .  The 
switch is inhe ren t ly  t o l e r a n t  of s h o r t  c i r c u i t s  i n  t h e  coupl ing a p e r t u r e  
a rea  because t h e  c o n t r o l  c i r c u i t s  hold t h e  switch on a g a i n s t  counter  
MMF's genera ted  by t h e  load  c u r r e n t .  When s h o r t  c i r c u i t s  occur  i n  t h e  
primary, secondary,  or between t h e  two, t h e  apparent  i n c r e a s e  i n  load  
29 
c u r r e n t  overpowers t h e  c o n t r o l  s i g n a l s ,  p a r t i a l l y  or completely t u r n i n g  
o f f  t h e  switch without  t h e  occurrance of harmful ly  l a r g e  c u r r e n t s  i n  
any of t h e  windings. The same r e s u l t  occurs  when t h e  load  is shor t ed .  
There should be no problem of windings s h o r t i n g  t o  t h e  c o r e  i f  
adequate  i n s u l a t i o n  is provided between them; occurrence of a s imple 
s h o r t  w i l l  no t  a f f e c t  ope ra t ion .  Mul t ip l e  shorts i n  t h e  coupl ing 
a p e r t u r e  a r e  f a i l  s a f e ,  bu t  only a s i n g l e  short t o  t h e  core can be 
t o l e r a t e d  a t  t h e  blocking a p e r t u r e  or c o n t r o l  winding s e c t i o n  of t h e  
core.  
A demonstrat ion u n i t ,  shown i n  Fig. 9, was cons t ruc t ed  t o  show 
t h e  e f f e c t  of s imula ted  f a i l u r e s  on t h e  ope ra t ion  of t h e  core. A l l  of 
t h e  windings and e x t e r n a l  c i r c u i t  components a r e  connected t o g e t h e r  
with banana-plug jumpers. Extra windings of va r ious  numbers of t u r n s  
a r e  included f o r  s imula t ing  va r ious  s h o r t - c i r c u i t  cond i t ions .  T h i s  
board is a l s o  convenient for  connect ing up t h e  o t h e r  t y p e s  of c i r c u i t s  
descr ibed  i n  t h e  next  s e c t i o n .  
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FIG. 9 FAILURE MODE DEMONSTRATION UNIT 
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V I  PERIPHERAL INVESTIGATIONS 
A ,  Snap-Action Switch 
The snap-act ion switch is t h e  same a s  t h e  recommended ve r s ion  
descr ibed  i n  t h e  r e p o r t ,  except t h a t  feedback is connected from both t h e  
coupl ing and blocking ape r tu re s ,  t h i s  feedback is  of s u f f i c i e n t  magnitude 
t o  hold t h e  swi tch  i n  e i t h e r  p o s i t i o n  once it has  been dr iven  t h e r e .  
The feedback from t h e  coupl ing a p e r t u r e  is t h e  same a s  f o r  t h e  normal 
switch,  except  f o r  more t u r n s  i n  t h e  feedback winding. A secondary 
winding must  be  added t o  t h e  blocking a p e r t u r e  t o  provide t h e  feedback 
cu r ren t  f o r  t h e  o f f  pos i t i on ,  a s  shown i n  F ig ,  10.  
The snap-act ion switch can be  d r iven  on or of f  wi th  p u l s e s ,  e i t h e r  
p o s i t i o n  being s t a b l e .  Voting i n p u t s  can be provided i n  e s s e n t i a l l y  
t h e  same way a s  f o r  t h e  de-cont ro l led  swi tch .  The experimentat ion 
wi th  t h i s  conf igu ra t ion  ind ica t ed  t h a t  t h e  swi tch ing  pu l se  requi red  
must have an  MMF-time area  Of approximately 1.5 ampereturn-mill iseconds.  
(This va lue  should no t  be  t r e a t e d  a s  a s p e c i f i c a t i o n  because it is 
a f f e c t e d  by t h e  amount of feedback used.)  
Two se t  i n p u t s  a r e  needed, s i n c e  no  way has  been discovered 
t o  provide f o r  a s i n g l e  r eve r s ing  inpu t .  
B. Continuous S t r u c t u r e  and S e r i e s  Conf igura t ion  
The se r i e s - swi t ch  conf igu ra t ion  is an  a l t e r n a t i v e  t o  t h e  recommended 
one where only one redundant u n i t  of a group is t o  be turned  on a t  a 
t i m e .  Some thought  h a s  been given t o  t h i s  conf igu ra t ion ,  although t h e  
f i n a l  dec i s ion  was t o  al low f o r  more than  one redundant u n i t  t o  be 
turned  on a t  a t i m e .  
There a r e  no blocking a p e r t u r e s  i n  t h e  series conf igura t ion .  The 
coupl ing a p e r t u r e s  of t h e  swi tches  are  connected i n  series i n  t h e  same 
manner a s  t h e  blocking and coupl ing  a p e r t u r e  i n  t h e  recommended switch.  
A switch of t h i s  t ype  would only need one a p e r t u r e  p l u s  a f l u x  c l o s u r e  
path.  The p a r t  of t h e  switch t o  t h e  r i g h t  of t h e  broken l i n e  A i n  
Fig.  10  r ep resen t s  one p o s s i b l e  conf igu ra t ion  of a series type  swi tch .  
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Two series type  s w i t c h e s  can be incorpora ted  i n t o  t h e  co re  of F ig .  10 
by adding a secondary winding and r e c t i f i e r s  t o  t h e  blocking a p e r t u r e  
making it i d e n t i c a l  t o  t h e  coupl ing a p e r t u r e .  With t h i s  conf igu ra t ion ,  
there a r e  t w o  power swi tches  i n  one core, one and only one of which is 
on a t  a l l  t i m e s .  T h i s  technique  i n d i c a t e s  t h e  method t h a t  can be used 
t o  combine m u l t i p l e  s e r i e s - type  swi tches  i n t o  one cont inuous s t r u c t u r e .  
The  idea  can be extended t o  more than  two switches p e r  s t r u c t u r e  by 
extending t h e  h o r i z o n t a l  l e g s  of t h e  core and adding v e r t i c a l  l e g s  
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t o  provide more a p e r t u r e s .  The source  leg i n  t h e  middle and t h e  
h o r i z o n t a l  legs must be increased  i n  cross s e c t i o n  t o  provide f o r  an 
adequate  f l u x  c l o s u r e  pa th  f o r  t h e  number of a p e r t u r e s  involved. 
C. T rans i s to r /Rec t i f  ier  C i r c u i t  
I n  a low-voltage power c i r c u i t  t h e  power lost  i n  t h e  r e c t i f i e r s  is 
s i g n i f i c a n t .  Th i s  loss can be reduced t o  some e x t e n t  by us ing  t r a n s i s t o r s  
i n s t e a d  of diodes,  s i n c e  t h e r e  is less vo l t age  ac ross  a s a t u r a t e d  
t r a n s i s t o r .  A t r a n s i s t o r / r e c t i f i e r  c i r c u i t  was breadboarded and used 
a s  a r e c t i f i e r  c i r c u i t  f o r  t h e  switch a s  shown i n  F ig .  11. Th i s  c i r c u i t  
is not  recommended because t h e  added complicat ion reduces t h e  r e l i a b i l i t y  
of t h e  c i r c u i t .  
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FIG. 11 TRANSISTOR RECTIFIER CI RCUlT 
D. Diode-Primary C i r c u i t  
In t roducing  diodes i n  series with t h e  primary windings e l i m i n a t e s  
t h e  need f o r  t h e  ba lanc ing  resistors i n  t h e  recommended c i r c u i t s .  Th i s  
approach was not  recommended because i n  t h e  event  of f a i l u r e  of t h e s e  
diodes,  dangerously high c u r r e n t s  occurred and t h e  switch could not  be 
considered f a i l  safe. 
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E. Magnetic Ampl i f ie rs  
The use  of magnetic a m p l i f i e r s  i n  t h i s  swi tch ing  a p p l i c a t i o n  was 
considered e a r l y  i n  t h e  program. They w e r e  no t  recommended because no 
way was found t o  provide t h e  f a i l - s a f e  c h a r a c t e r i s t i c s  requi red  of t h e  
switch.  
F. Power Source Frequency 
The weight and volume of t h e  swi tch  can be  reduced i f  t h e  power 
source  frequency is increased .  The c ross - sec t iona l  a r e a  of a l l  t h e  
core  l e g s  or t h e  number of t u r n s  i n  t h e  primary and secondary windings 
change i n  inve r se  propor t ion  t o  t h e  power source  frequency. 
The maximum p r a c t i c a l  frequency is l i m i t e d  mainly by t h e  recovery 
t i m e  of t h e  r e c t i f i e r s  and by leakage inductance.  When t h e  square  wave 
d r i v i n g  v o l t a g e  r eve r ses  p o l a r i t y ,  t h e  conducting r e c t i f i e r  maintains  
conduction i n  t h e  r eve r se  d i r e c t i o n  u n t i l  t h e  s t o r e d  charge is  c l ea red  
out .  The t r a n s i s t i o n  is f u r t h e r  delayed by t h e  leakage  inductance,  
which slows t h e  f a l l i n g  of c u r r e n t  i n  t h e  primary and secondary on one 
l e g  of t h e  a p e r t u r e  and t h e  bu i ld ing  up of c u r r e n t  i n  those  on t h e  o t h e r  
leg. Th i s  t r a n s i s t i o n  t i m e  is independent of t h e  frequency of t h e  
square  wave. A s  t h e  frequency inc reases  t h e  t r a n s i s t i o n  t i m e  becomes a 
l a r g e r  propor t ion  of t h e  t o t a l  per iod .  Under p re sen t  cond i t ions  t h e  
t r a n s i s t i o n  per iod  is approximately 20 percent  of a h a l f  per iod  of t h e  
square  wave. 
t r a n s i s t i o n  per iod  40 percent  of a h a l f  per iod .  I t  is  es t imated  t h a t  
any s i g n i f i c a n t  i nc rease  i n  frequency beyond t h i s  f a c t o r  would begin 
t o  cause s e r i o u s  d e t e r i o r a t i o n  i n  performance. The above e s t i m a t e  of 
a l lowable  i n c r e a s e  i n  frequency would al low a decrease  i n  t h e  weight 
of t h e  switch by about a f a c t o r  of t w o .  
I nc reas ing  t h e  frequency by a f a c t o r  of two would make t h e  
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V I 1  POWER DRIVER 
The power d r i v e r  is no t  meant t o  be a p r a c t i c a l  d r i v e r  c i r c u i t  
from t h e  p o i n t  of view of cost or good design. 
an adequate  input  f o r  t h r e e  swi tches  for a s  smal l  a t i m e  and money 
expendi ture  a s  poss ib l e .  
I t  was b u i l t  t o  provide 
A squa re  wave is genera ted  by a s t a b l e  f ree-running m u l t i v i b r a t o r  
t ype  c i r c u i t .  Th i s  c i r c u i t  d r i v e s  a voltage-power a m p l i f i e r  c i r c u i t  
t h a t  is  coupled to  t h e  swi tches  wi th  a t ransformer .  The c i r c u i t  diagram 
f o r  t h e  d r i v e r  is shown i n  Fig.  12.  The odd va lue  r e s i s t o r s  i n  t h e  
gene ra to r  c i r c u i t  r e s u l t e d  from adjustment of t h e  ampli tude and ba lance  
of t h e  waveform. The o s c i l l o s c o p e  t r i g g e r  c i r c u i t  is provided with 
two c l ip - l ead  connect ions f o r  t r i g g e r i n g  each whole or h a l f  cyc le .  
The power s u p p l i e s  a r e  connected wi th  s t r i p  l i n e  t o  reduce induc t ive  
t r a n s i e n t s .  The input  t o  t h e  f i n a l  s t a g e  of t h e  a m p l i f i e r  i s  a l s o  
connected wi th  s t r i p  l i n e  for t h e  same reason.  
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Appendix A 
CORE-WINDING CALCULATIONS 
The s i z e  and shape of t h e  a p e r t u r e  between Legs 4 and 5 of t h e  c o r e  
i n  F ig .  6 is t h e  main problem t o  s o l v e  i n  des igning  t h e  c o r e  f o r  minimum 
volume. 
l a t e  t h e  c r u c i a l  dimensions of an  experimental  c o r e  shape r e l a t e d  t o  
t h e  series connected type  swi tch  of Sec. VI-B. While t h i s  shape is not  
t h e  same a s  t h a t  of t h e  p re sen t  p a r a l l e l  connected type,  it was p o s s i b l e  
t o  make t h e  necessary  e x t r a p o l a t i o n s  t o  o b t a i n  dimensions f o r  t h e  p re sen t  
c o r e  t h a t  came c l o s e  t o  t h e  minimum volume va lues .  
Ear ly  i n  t h e  p r o j e c t ,  a computer program was w r i t t e n  t o  calcu-  
Two t r ade -o f f s  can be  made r e l a t i v e  t o  t h e  s i z e  and shape of t h e  
a p e r t u r e  t o  o b t a i n  minimum volume f o r  t h e  core p lus  i ts  windings.  
a r ea  of t h e  a p e r t u r e  can be  decreased, providing t h e  c r o s s  s e c t i o n a l  a r e  
of t h e  core is increased  t o  compensate. The a r e a  o f  t h e  a p e r t u r e  
determines t h e  number of primary t u r n s  which can be used. 
number of primary t u r n s ,  t h e  c ros s - sec t iona l  a r ea  of t h e  c o r e  is calcu-  
l a t e d  t o  g i v e  t h e  r equ i r ed  volt-microsecond capac i ty ,  a s  explained i n  
Sec. IV-B-2. S ince  t h e  volume of t h e  c o r e  v a r i e s  i nve r se ly  and t h e  
volume of t h e  winding v a r i e s  d i r e c t l y  wi th  t h e  a rea  of t h e  ape r tu re ,  t h e  
minimum volume of t h e  c o r e  and winding t o g e t h e r  i s  t h e  po in t  where t h e  
volume of t h e  winding equals  t h e  volume of t h e  core .  Th i s  f a c t  i s  
e a s i l y  seen  by comparing t h e  volume l o s t  i n  t h e  c o r e  wi th  t h e  volume 
gained i n  t h e  winding f o r  a smal l  i n c r e a s e  away from t h e  optimum. Not 
only is  t h e  percentage  change equal  between t h e  t w o ,  a s  t h e  v o l t -  
microsecond c a p a c i t y  r equ i r e s ,  bu t  t h e  a c t u a l  amount of change i n  volume 
of t h e  two is equal.  
where t h e  two a r e a s  a r e  not  equal ,  t h e  equal  percentage  change would 
not  g i v e  an  equal  volume change, g iv ing  a n e t  decrease  i n  t h e  o v e r a l l  
volume. 
The 
For a given 
With any p a i r  of va lues  of co re  and winding volume, 
A s imple geometr ic  c a l c u l a t i o n  shows t h a t  t h e  volume of t h e  windings 
3 is 162 t i m e s  (dimension x) . T h i s  i n d i c a t e s  a n e a r  optimum balance 
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between t h e  area of t h e  a p e r t u r e  and t h e  c ros s - sec t iona l  a r ea  of t h e  
core. 
is t h e  volume of magnetic m a t e r i a l  i n  t h e  v e r t i c a l  and h o r i z o n t a l  legs. 
S ince  t h e i r  c ros s - sec t iona l  a r e a s  a r e  r e l a t e d  by a f a c t o r  of t w o ,  on ly  
t h e i r  r e l a t i v e  l eng ths  can be changed. The r e l a t i v e  l eng ths  can be 
changed by changing t h e  l eng th  and wid th  of t h e  ape r tu re ,  keeping t h e  
area t h e  same. Here aga in ,  t h e  minimum volume exists where  t h e  net 
volume of a l l  of t h e  v e r t i c a l  l e g s  equals  t h e  volume of t h e  h o r i z o n t a l  
l egs .  I n  t h e  recommended shape, t h e  a p e r t u r e  is square .  Th i s  shape 
does no t  g i v e  equal  volume i n  t h e  v e r t i c a l  and h o r i z o n t a l  legs, The 
h o r i z o n t a l  legs have f o u r  times t h e  volume of t h e  v e r t i c a l  legs. The 
v e r t i c a l  legs would have t o  be extended and t h e  h o r i z o n t a l  ones shor tened  
considerably t o  achieve  minimum volume. I t  t u r n s  ou t ,  however, t h a t  
t h e  minimum volume shape, which r e q u i r e s  t h e  a p e r t u r e  t o  be t w i c e  a s  
high a s  i t  is wide, reduces t h e  volume of t h e  core by 20 percent  and 
t h e  o v e r a l l  volume by 10 percent .  I t  w a s  f e l t  t h a t  t h e  convenience 
i n  winding and increased  s t r u c t u r a l  s t r e n g t h  of t h e  square  a p e r t u r e  more 
than  compensated f o r  t h e  1 0  percent  reduct ion  i n  volume r e s u l t i n g  from 
The other t rade-of f ,  which must b e  a d j u s t e d  f o r  minimum volume, 
t h e  e longated  ape r tu re .  
The d i scuss ion  has  r e l a t e d  t o  one a p e r t u r e  and one winding, but  
it a p p l i e s  t o  t h e  whole c o r e  and a l l  of t h e  windings, s i n c e  there is, 
i n  e f f e c t ,  a winding i n  each ape r tu re .  
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DIRECTIONS FOR WINDING CORES 
1. INTRODUCTION 
These d i r e c t i o n s  r e l a t e  t o  t h e  four -aper ture  cores purchased by 
JPL from Magnetics Incorporated.  Any d i sc repanc ie s  between t h e s e  
i n s t r u c t i o n s  and t h o s e  implied by t h e  Design Sec t ion  i n  t h e  main body 
of t h e  r e p o r t  a r e  due t o  t h e  f a c t  t h a t  it is  assumed t h a t  t h e s e  co res  
a r e  t o  be wound and used i n  a l a b o r a t o r y  environment. 
The d i r e c t i o n s  f o r  winding t h e  c o r e  a r e  based on a compromise 
between maximum power switching capac i ty  ve r sus  ease  of winding. 
Number 24 AWG w i r e  is recommended f o r  t h e  primary. Th i s  w i r e  s i z e  
a l lows ample room f o r  t h e  r equ i r ed  number of t u r n s  without  having t o  l a y  
t h e  windings i n  nea t  s p i r a l s  f o r  high packing dens i ty .  I f  t h e r e  is  
d i f f i c u l t y  i n  g e t t i n g  t h e  requi red  number of t u r n s  through t h e  ape r tu re s ,  
sma l l e r  w i r e  may be  used a t  some s a c r i f i c e  i n  maximum power. I t  is 
recommended t h a t  a thermocouple be  mounted under t h e  primary winding 
of t h e  f irst  c o r e  so t h a t  t h e  maximum power can be determined i n  terms 
of temperature  l i m i t s  on t h e  p a r t i c u l a r  i n s u l a t i o n  used. 
S ince  co re  th i ckness  has  been found t o  vary  s i g n i f i c a n t l y ,  due 
t o  v a r i a t i o n  i n  t h e  number of lamina t ions ,  t h e  number of primary t u r n s  
w i l l  have t o  vary  correspondingly,  a s  explained l a t e r .  
2. PREPARATION OF CORE 
Before p repa ra t ion  of t h e  core ,  measure i ts  th i ckness .  The number 
of primary and secondary t u r n s  w i l l  va ry  s l i g h t l y  from c o r e  t o  core on 
t h e  b a s i s  of t h i s  information,  
The c o r e  i s  q u i t e  rugged, bu t  it should b e  kept  i n  mind t h a t  t h e  
magnetic m a t e r i a l  is s t r a i n  s e n s i t i v e .  
G l u e  a half-round p l a s t i c  cover  on t h e  t o p  and bottom of each 
c r o s s  leg, a s  shown i n  Fig. B-1. RTV S i l a s t i c  i s  e x c e l l e n t  f o r  t h i s  
purpose. Glue 0.25-inch t h i c k  f ibe rboa rd  ba r s  on both top  and bottom 
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HALF- 
PUT HALF-ROUND COVERS ON 
ALL LEGS MARKED X ON BOTH 
TOP AND BOTTOM OF LEG TO 
PROVIDE ROUNDED SURFACE 
FOR W I N D I NG 
( TOTAL OF 8 COVERS 1 ROUND COVERS 
COVER IS 0.6 in. LONG AND 0.2 in .  diam 
T I  - 5 669-38 
FIG. B-1 HALF-ROUND COVERS 
of t h e  two l a t e r a l  l e g s  of t h e  core ,  a s  shown i n  F ig .  B-2. Align t h e  
edge of t h e  b a r s  c a r e f u l l y  w i t h  t h e  i n s i d e  edges of t h e  l a t e r a l  l e g s .  
Le t  t h e  b a r s  p ro t rude  0.75-inch out  from t h e  ends of t h e  c o r e  f o r  
mounting purposes.  
F i l l  t h e  c racks  between t h e  ends of t h e  half-round l e g  covers  and 
t h e  sides of t h e  l a t e r a l - l e g  b a r s  w i t h  g lue ,  so t h a t  windings w i l l  
no t  p u l l  i n t o  t h e s e  c racks .  
A p i e c e  of t a p e  around each cross leg and i t s  covers  is a worth- 
whi le  p recau t ion  a g a i n s t  s h o r t i n g  windings t o  t h e  core. 
3. WINDINGS 
a .  Primary 
S i z e  24 w i r e  is reasonable  f o r  t h e  primary winding, cons ider ing  
the  gene ra l  l e v e l  of power involved, t h e  a p e r t u r e  sizes,  and t h e  number 
of t u r n s  t o  be  put  through t h e  a p e r t u r e s .  Wire s i z e  may be reduced i f  
there is d i f f i c u l t y  g e t t i n g  a l l  t h e  t u r n s  through t h e  a p e r t u r e s .  
42 
c 
MOUNTING BARS 
BAR IS 5 i n .  LONG, 0.25in.THICKI AND 0.4in.  WIOE 
TA-5669-37 
FIG. 8-2 MOUNTING BARS 
The number of t u r n s  is 100 a l t e r e d  by t h e  th i ckness  according 
t o  t h e  fo l lowing  equat ion:  
x 100 0.430 inch 
th i ckness  
Number of t u r n s  = 
Nyleeze is recommended for under 20 w a t t s  because of its 
convenience i n  s t r i p p i n g  and r e s i s t a n c e  t o  ab ras ion  and cracking .  For 
more than  20 wa t t s ,  ML is recommended, because of i ts  a b i l i t y  t o  s t and  
high temperature.  
b. Secondary 
S i z e  18 w i r e  i s  recommended f o r  t h e  secondary winding. The 
t u r n s  a r e  c a l c u l a t e d  from t h e  fo l lowing  equat ion:  
Turns = Primary t u r n s  x 0.15 
4 3  
The secondary is wound on t h e  o u t s i d e  of t h e  primary for  
ease  i n  a l t e r i n g  t h e  output  v o l t a g e  i n  t h e  event  t h a t  h ighe r  v o l t a g e  
is  needed t o  accommodate more f i l t e r i n g  and/or r egu la t ion .  
The i n s u l a t i o n  should be  t h e  same a s  t h a t  on t h e  primary 
winding . 
c. Primary - Secondary T e s t s  
A t  t h i s  po in t ,  the windings should b e  tested f o r  primary 
secondary shorts and core-winding s h o r t s .  I t  is recommended t h a t  t h e  
i n s u l a t i o n  between t h e  primary and secondary be tested t o  s t and  off 
a t  l e a s t  200 V.  
The volt-microsecond c a p a c i t y  of t h e  primary should a l s o  be 
tested. Apply a c u r r e n t  t o  t h e  secondary winding t o  hold  both legs of 
t h e  coupl ing a p e r t u r e  s a t u r a t e d  downward. Apply t h e  square  wave source  
t o  t h e  blocking ape r tu re .  Inc rease  t h e  p o s i t i v e  supply v o l t a g e  on t h e  
square  wave source,  no t ing  any tendency of t h e  core t o  s a t u r a t e .  
S a t u r a t i o n  is e a s i e s t  t o  detect by watching t h e  cu r ren t  peak up v i o l e n t l y  
toward t h e  end of each h a l f  cyc le  when s a t u r a t i o n  is  reached. S a t u r a t i o n  
should no t  occur  below 55 V rms a t  t h e  input  t o  t h e  blocking a p e r t u r e .  
If it does, t h e  c o r e  has  an  abnormally l o w  s a t u r a t i o n  f l u x  l e v e l  and t h e  
number of primary t u r n s  must be increased  t o  compensate. I f  t h e  primary 
t u r n s  must be  increased ,  t h e  secondary t u r n s  must a l s o  be  increased  t o  
maintain t h e  100:15 r a t i o .  Although t h e  number of primary t u r n s  may 
vary  a t u r n  or two from t h e  c a l c u l a t e d  value,  it is necessary  t h a t  t h e  
number of t u r n s  on t h e  two l e g s  of any given a p e r t u r e  be e x a c t l y  equal  
t o  each o the r ,  i n  o r d e r  t o  have t h e  r equ i r ed  f l u x  balance.  
e q u a l i t y  can be  checked i f  desired by swi tch ing  t h e  a p e r t u r e  back and 
f o r t h  wi th  a temporary winding of a f e w  t u r n s ,  whi le  monitor ing t h e  
v o l t a g e  on the  primary windings. 
should be  hooked up series bucking, I t  is e a s i e s t  t o  detect a d i f f e r e n c e  
i n  t u r n s  by i n t e g r a t i n g  t h e  bucking s i g n a l  w i t h  a s imple  r e s i s t o r -  
c a p a c i t o r  i n t e g r a t o r  and w i t h  a heavy short around t h e  l a t e r a l  leg 
l ead ing  t o  t h e  ape r tu re .  
for  t h e  magnitude of d i f f e r e n c e  s i g n a l  t o  look f o r  when there is  a 
d i f f e r e n c e  i n  t u r n s .  
T h e i r  
The primary windings on t h e  t w o  l e g s  
Removing or adding a t u r n  w i l l  g i v e  a c a l i b r a t i o n  
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d. Control  Windings 
i. Bobbins 
I t  is s t r o n g l y  recommended t h a t  bobbins for t h e  c o n t r o l  
windings be  ordered  from p r o f e s s i o n a l  bobbin makers, r a t h e r  than  handmade 
i n  t h e  l abora to ry .  The whole bobbin can be ordered  and then  i t  can be 
c u t  i n  two and glued around t h e  core. F igure  B-3 shows t h e  recommended 
bobbin dimensions.  
THIS GROOVE 
I 
WINDING I S  REELED 
ONTO BOBBIN IN 
I F2.3 0.5 in .A 
STARTING ENDS OF 
WINDINGS ARE 
SECURED IN THIS 
STARTING ENDS OF 
WINDINGS PASS 
THROUGH THIS SLOT 
ABOUT 0.05 in. 
GROOVE WIDTH 
0.025in. TO 0.05in. THICK BOBBIN 
MATERIAL WILL GIVE ADEQUATE RIGIDITY TA-5669-44 
FIG. 8-3 CONTROL WINDING BOBBIN 
ii. Wire -
Number 36 w i r e  is recommended f o r  t h e  v o t e r  and v o t e r  
b i a s  windings.  Number 34 w i r e  I s  recommended f o r  t h e  source  b i a s  
winding. Nyleeze i n s u l a t i o n  is recommended. 
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iii. Winding Process  
Seven 200-turn windings a r e  r equ i r ed  on t h e  bobbin 
around t h e  blocking a p e r t u r e  and t h r e e  200-turn windings on t h e  bobbin 
around t h e  coupl ing a p e r t u r e .  
a r e  wound a t  t h e  same t i m e ,  r e e l i n g  t h e  windings on t h e  bobbins a s  
shown i n  Fig.  B-4. The  s t a r t i n g  ends of t h e  windings a r e  secured 
with t a p e  or by o t h e r  means i n  t h e  narrow groove between t h e  two c l o s e l y  
spaced f l a n g e s  on t h e  bobbin. Provide  about 6-inches of w i r e  i n  t h i s  
A l l  of t h e  windings on a g iven  bobbin 
TI-5669-41 
FIG. 8-4 WINDING TECHNIQUE 
groove f o r  t e rmina t ing  t o  s o l d e r  p i n s  a f t e r  t h e  winding process is 
completed. A f t e r  t h e  ends of t h e  wires  a r e  secured,  pass  t h e  w i r e s  
through a s l o t  i n  t h e  inne r  f l a n g e  i n t o  t h e  main body of t h e  bobbin 
f o r  winding. R e e l  t h e  w i r e  on to  t h e  bobbin from a l l  seven spoo l s  of 
w i r e  a t  t h e  same t i m e ,  count ing t h e  t u r n s  of t h e  bobbin t o  o b t a i n  t h e  
r equ i r ed  number of t u r n s  on t h e  winding. The reel is e a s i l y  handled 
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manually and t h e  t i m e  r equ i r ed  t o  put  a set of windings on is not  
excess ive .  When t h e  winding is completed, it is h e l p f u l  t o  secure t h e  
winding wi th  t a p e  be fo re  c u t t i n g  and s o l d e r i n g  t h e  ends of t h e  w i r e s  
t o  te rmina ls .  The s t a r t i n g  ends of t h e  windings can now b e  taken  ou t  
of t h e  narrow groove and so lde red  t o  t e rmina l s .  The bobbin should be  
he ld  secu re ly  t o  t h e  c o r e  mounting b a r s  wi th  g l u e  or o t h e r  means a f t e r  
t h e  t u r n s  are  r e e l e d  on, Another p o s s i b i l i t y  is t o  break t h e  bobbin 
out  from under t h e  windings. Th i s  a l lows  t h e  windings t o  b e  taped 
. down c l o s e  t o  t h e  core,  but  makes it messy f o r  any l a t e r  a l t e r a t i o n s  
of t h e  windings.  
4. CIRCUIT FOR THE SWITCH 
The c i r c u i t  drawing showing t h e  connect ions of t h e  power windings 
t o  t h e  input  square  wave and t h e  load, is shown i n  F ig .  3. B e  c a r e f u l  
t o  connect t h e  p o l a r i t i e s  c o r r e c t l y .  
The c i r c u i t  f o r  t h e  c o n t r o l  windings i s  shown i n  Fig.  B-5. The 
r e s i s t o r s  i n  series wi th  t h e  v o t e r  windings a r e  provided under t h e  
assumption t h a t  t h e  windings w i l l  be dr iven  wi th  approximately 5 V and 
t h a t  t h e  r e s i s t a n c e  of each winding w i l l  be  approximately 50 61. The 
r e s u l t i n g  9 ampere-turns MMF p e r  v o t e r  is t h e  b a s i c  requirement i n  
s e l e c t i n g  number of t u r n s ,  w i r e  s i z e ,  and series r e s i s t o r .  These t h r e e  
parameters can be  a l t e r e d  as  d e s i r e d  t o  reduce t u r n s  or g e t  r i d  of t h e  
r e s i s t o r  a s  d e s i r e d  so long a s  t h e  9 ampere-turns MMF is  preserved and 
t h e  d r i v e  is a v o l t a g e  r a t h e r  than  a cur ren t  source .  The r e l a t i o n s h i p  
t h a t  m u s t  be  s a t i s f i e d  is 
- 9  VT 
R 
- -  
J 
where 
V is t h e  d r i v i n g  vol tage ,  
T i s  t h e  number of t u r n s ,  and 
R is t h e  r e s i s t a n c e  of t h e  winding p lus  t h e  series r e s i s t o r .  
The i n i t i a l  va lue  of t h e  v o t e r  b i a s  MMF be fo re  t h e  adjustment is 
made is 12 ampere-turns. H e r e  aga in  t h e  t u r n s ,  w i r e  s i z e ,  and series 
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+ 5 V  SOURCE BIAS SUPPLY 
TA-5669 -57 
+ 5 V  VOTER SUPPLY 
FIG. B-5 CONTROL WINDING CIRCUITS 
r e s i s t a n c e  may be a l t e r e d ,  so  long a s  t h e  r equ i r ed  MMF is  maintained 
according t o  t h e  expression:  
VT - = 12 
R 
The source  b i a s  winding is designed t o  apply approximately 28 
ampere-turns i n  t h e  downward d i r e c t i o n  on t h e  coupl ing and blocking 
a p e r t u r e s .  Number 34 w i r e  is recommended. Assuming 5 V d r ive ,  t h e  
connect ion i n d i c a t e d  i n  t h e  drawing would provide  about 32 ampere-turns 
b i a s  without  any series r e s i s t o r .  T h i s  va lue  g i v e s  p l en ty  of s a f e t y  
f a c t o r .  I t  is important  t h a t  t h e  windings a r e  connected a s  shown i n  t h e  
48 
diagram so t h a t  t h e  MMF's e x a c t l y  counterac t  each o t h e r  producing 
a b i a s  on t h e  sou rce  l e g  only.  
The va lue  of t h e  r e s i s t a n c e  i n  series w i t h  t h e  v o t e r  b i a s  winding 
should be a d j u s t e d  t o  compensate f o r  core v a r i a t i o n  or smal l  errors i n  
numbers of t u r n s  on c o n t r o l  windings so t h a t  maximum v a r i a t i o n  i n  
temperature  and load  can be  t o l e r a t e d ,  The adjustment  is made i n  t h e  
fo l lowing  way: 
Hook t h e  c i r c u i t  up i n  normal f a sh ion  us ing  t h e  r e s i s t a n c e  va lues  
given i n  t h e  diagram and t h e  load  intended f o r  t h e  s w i t c h .  Correct  t h e  
one t u r n  of feedback a s  shown i n  F ig .  5. Decrease t h e  r e s i s t a n c e  u n t i l  
t h e  po in t  is reached where t w o  v o t e r  i npu t s  w i l l  j u s t  ba re ly  t u r n  t h e  
s w i t c h  on. Th i s  is  t h e  minimum a l lowable  va lue  of t h e  r e s i s t a n c e .  
Next i n c r e a s e  t h e  r e s i s t a n c e  t o  t h e  po in t  where ,  w i t h  two v o t e r  i npu t s  
a c t i v e  and t h e  s w i t c h  on, t h e  tu rn ing  o f f  of one of t h e  v o t e r s  w i l l  
j u s t  ba re ly  t u r n  o f f  t h e  s w i t c h .  Th i s  is  t h e  maximum a l lowable  va lue  
of r e s i s t a n c e .  U s e  a va lue  of t h e  r e s i s t a n c e  h a l f  way between t h e  
maximum and minimum values .  Although determined a t  room temperature ,  
t h i s  va lue  w i l l  t r a c k  w e l l  over  t h e  temperature  range and over  a 
reasonable  v a r i a t i o n  i n  load.  I f  t h e  r e s i s t o r  has  t h e  same temperature  
c o e f f i c i e n t  a s  t h e  winding, t r a c k i n g  w i l l  be b e t t e r .  
The drawings f o r  t h e  three breadboard swi tches  de l ive red  t o  JPL 
appear a s  Appendix C. 
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Appendix C 
DIAGRAMS O F  THE SWITCHES 
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